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Temporal Differential Gene Expression in Explanted Human Retinal
Pigment Epithelial Cells at 0.5, 1.0, 3.0, 6.0, 12 and 24 Hours Post-Exposure

to 1064 nm, 3.6 ns Pulsed Laser-Light

ABSTRACT

The use of laser light for military and commercial applications has sharply increased the
likelihood of personnel exposure to laser light during operations. The increased potential
for human exposure highlights the fact that there is paucity of basic science at the cell and
molecular level concerning the effects of laser exposure of human tells. Current safety
standards are largely extrapolations of exposure limits using a minimal visible lesion
endpoint in the Rhesus monkey retinal model. A non-animal model for assessing laser-
light damage to tissue, particularly human, is quite desirous for obvious scientific,
political, and fiduciary reasons. We assessed the sublethal insult to human retinal
pigment epithelial cells using a cadaver organ donor explant system for genes
differentially expressed 30 min. and 1, 3, 6, 12, and 24 hours post-exposure using gene
expression microarray technology (gene chip). It appears that pulses of laser light are
sensed and markedly altered gene expression over time. The 120 pulses of 1064 nm light
at 280 mJ per square centimeter appeared to induce the cells into cessation of cell cycling
and a series of events that would lead to DNA repair, then DNA replication followed by
the preparation for cell cycling. As was expected the various genes assayed fluctuated in
expression in all conceivable permutations. For example, up-r-egulated genes involved in
the elimination of denatured proteins (UPP) provided strong evidence for the implication
of intracellular oxygen-related damage indicating oxidative damage. This investigative
approach also showcases a global methodology for characterizing environmental
stressors on a living system via genetic profiling and marks the first use of human
explants as an experimental model for assessing laser-induced bioeffects at the cell and
molecular level temporally over a 24 hour time course.

BACKGROUND

The use of laser light for targeting devices, blinders and weapons has sharply increased
the likelihood of aircrew and support personnel exposure to laser light during operations.
The advent of the airborne and space based laser defense systems potentially threatens
inadvertent exposure to noncombatants due to backscatter and angle of attack. Expanded
laser research efforts also may lead to excessive exposure of researchers and technicians.
The increased potential for human exposure highlights the fact that there are no
scientifically based cell and molecular level safety standards for laser.exposures at
ultrashort pulse lengths. Current ANSI (American National Standards Institute)
guidelines (revision in 2002) are extrapolations of exposure limits at longer pulse lengths
or are based on a very limited number of data points. The great peak powers achieved at
ultrashort pulse lengths suggest that the current standards may not be sufficient for
protection. Additionally, safety standards are based on visible damage to tissues, and
subsequent treatment of exposed persons ends when healing of such macroscopic damage
(e.g., a retinal lesion) is complete. Consideration is not given to more subtle damage or



to potential long-term sequelae, which are yet undefined. This study addresses the
possibility of more subtle sub-lethal and long-term effects of irradiation, which may
become manifest long after treatment ends. This work will identify cellular and molecular
changes in cells, which survive irradiation but are not obviously damaged (lesioned).
Earlier work in this laboratory compels us to think that previously unsuspected long-term
effects should be considered, to include cancer and delayed loss of visual acuity.

There is a significant void in the current understanding of laser-tissue interaction at the
cell and molecular level. Ocular laser-light damage has been primarily assessed by
determining the Total Intraocular Energy (TIE) in Joules to cause retinal Minimal Visible
Lesions (MVL) in 50% of exposures (ED50) (Cain, et al., 1994; Toth, et al., 1996;
Zuchlich, et al., 1994, 1993). This criterion is also used to establish the American
National Standards Institute (ANSI) and AF Surgeon General laser safety standard. The
ANSI standard is a Maximum Permissible Exposure (MPE) 10-times less than the ED50
for the MVL energy for that laser-light wavelength and pulse width. This standard has
obvious problems in that the MVL is based on the resolution power of the
ophthalmoscope and operator. Further, the standard completely ignores the sublethal
longer-term consequences of laser-light irradiation. This is especially important since the
MVLs are scored usually at one or at 24 hours postexposure. Some biochemical studies
have investigated free radical formation in the melanosomes of the retinal pigment
epithelial (RPE), which are hypothesized to lead to oxidative damage (Glickman, et al.,
1996a, 1996b, 1995, 1993, 1992; Lam, et al., 1992). Belkin and Schwartz (review,
1994) state that there is no known mechanism to explain the subthreshold effects of laser
irradiation on ophthalmic tissue. More recently, Hall, (2001) et al, demonstrated the
production of fragmented DNA in bovine RPE cells exposed to femtosecond pulses or
continuous wave of 800 nm laser light using single cell electrophoresis (Hall R.M., et al.,
2001). To date there remains a paucity of basic research on the cellular and molecular
damage response caused by laser light at any dosage to eye or skin tissue.

Previous work in our laboratory has yielded three significant discoveries. (1) Irradiation
with visible (532 nm) laser light was found to be more effective in damaging cultured
mammalian cells than an equal irradiance of near-infrared (1064 rnm) laser light
(unpublished). This finding is consistent with others indicating that shorter wavelengths
do more damage at equivalent energies. (2) A tenfold increase in mutation rate in
mammalian cells was observed after irradiation with multiple laser pulses at 532 nm
(Leavitt, et al., 1997). This finding would indicate that human eyes lased with high
energy 532 nm light may subsequently develop cancer. (3) A transient increase in the
expression of certain intracellular proteins was observed in irradiated cells (unpublished).
The function of most of these proteins in cellular damage, repair, or other responses to
laser irradiation is unknown. However, matrix assisted laser-desorption ionization mass
spectrometry identification of 7 protein spots recovered from on a 2D-PAGE gel resulted
in 8 known proteins and 1 unknown being significantly altered by a sub-acute picosecond
(ps) and nanosecond (ns) pulsed laser light exposure (Obringer, unpublished). The
indication from this limited snapshot of the cellular protein-level response was that the
cells had undergone some major perturbations to the electron transport system (energy
production) and the cytoskeleton of the exposed RPE cells.



Using gene expression microarrays (GEM) with genes for DNA damage and repair as
one possible cellular system to investigate, we investigated the effect of the 532 nm laser-
light by repeating the approximate exposures used by Leavitt, et al. (1997) to attempt to
validate the finding of mutagensis in mammalian cells as mentioned above, but by
introducing the human RPE cell as the model. This has significance in that mutagenic
events are considered the genetic precursors to the development of most cancers. It could
also demonstrate the existence in human cells of a mechanism of mutagenesis by green
light (532 nm), which currently is hypothesized as being the phenomenon of multiple
photon absorption and frequency up-conversion. The next higher harmonic of 532 nm
light is 266 nm light which is in the ultra-violet (UV) range. The mutagenic effects of
UV-light are well characterized as it causes pyrimidine dimer formation in DNA, the
genetic material of life. The physical phenomenon for the laser induced DNA damage
was first proposed by Cao, et al. (1993) stating that "exposure of thymine and DNA to
high-intensity 532 ram pulsed radiation from a Nd:YAG laser resulted in the
cyclobutylpyrimidine dimers, which were measured by the method of high performance
liquid chromatography." They went on to suggest that the photochemistry was initiated
by two-photon absorption by biomacromolecules. Their observation was further
validated by Konig, et al. (1996), who observed pulsed beams at wavelengths less than
800 nm are capable of damaging cells through two-photon absorption. Other
investigators have seen more gross forms of DNA damage from laser light such as sister
chromatid exchanges (presumably the result of damage repair) from radiation at 632 nm
(Quero, et al. 1997) and 810 nm light caused frank breakage of the DNA molecule (Both,

* et al.1990, Shafirovich, et al. 1999). Previous work in our laboratory has yielded
molecular biomarkers for DNA damage in a human liver cell reporter-gene system with
the induction of p53 after exposure to mode locked 1064 nm, 37 picosecond (ps) as well
as 3 nanosecond (ns) pulsewidth light (Obringer et al. 2000, Obringer, et al. 1999a) and
the induction of the proto-oncogenefos after 532 nm, 3 7 ps exposure (Obringer, et al.
1999b). Therefore, we further explored theseand other bioeffects of laser exposures of
the above and other parameters in human RPE and skin cells using DNA microarray
technology.

The recent development of DNA microarray or GEM technology now enables
researchers to qualitatively and quantitatively examine the differential expression patterns
of thousands of genes in one experiment (Hubin, et al. 2001, Schena, et al., 1996, Schena,
et al, 1995). As the literature on laser induced bioeffects on the cells of the retinal
pigment epithelium at the cell and molecular level is virtually nonexistent, there is an
obvious need for basic science knowledge. DNA microarray methodology opens an
entirely new window for examining the perturbation of retinal tissue by laser exposure at
the genetic level. By examining the differential gene expression patterns one can gain
insight into the physiological state of the cells and, thereby, deduce the type and amount
of damage/perturbation the tissue has undergone. A conceptual overview cartoon is
presented in Figure 1. This strategy has proven successful in several other applications
such as the investigation into human aging where mitotic misregulation seems to play a
role (Danith, et al., 2000), Drosophila developmental regulation (White, et al., 1999),
murine response to caloric restriction and age retardation (Lee, et al., 1999),



transcriptional response of human fibroblasts to serum (Iyer, et al., 1999), and gene
expression variation in human gliomas (Zhang, et al., 1997) to illustrate a few examples..

MATERIALS AND METHODS

Explant procurement and processing: General overview (Figure 1)

Tissues were received as a tissue donor gift through the Rocky Mountain Lion's Eye
Bank who accomplishes all of the donor consent paperwork. Posterior globes of both
eyes were harvested usually no later than 8 hours post time of death and put into a 50 ml
vial with approx. 25 ml of buffered saline. The tissue was transported directly to tissue
culture lab where the vitreous humor and retina were mechanically removed. Then the
RPE still attached to the sclera were cut into 3-5 mm square pieces. The pieces were then
placed into 96 well microtiter plates (1 per well) with 150 microliters (ul) of the media
(DME/F12 with 10% FBS plus antibiotics) and cultured at 37 degrees C in 5% C02 until
re-plated for exposure. In a fresh 96 well plate the pieces were placed RPE side up
centered in the well, in 50 ul media (just covers the explant) to be exposed. Explants
were kept at 37 degrees until they were transported in a pre-warmed insulated box to the
laser lab and exposed at room temperature in the plates on an X-Y translation stage one
well at a time as quickly as possible to minimize temperature fluctuations then returned to
the incubator after stereoscopic examination and the additional 100 ul of warm media. At
the desired time post exposure, RPE was mechanically removed from the sclera and
collected in microcentrifuge tubes, labeled and frozen at -65 degrees C. Samples were
shipped frozen to the vendor with approx. 10 lbs of dry ice via overnight delivery. We
accepted donors age 65 years or younger, either sex, with no mitigating ocular or retinal
pathology such as glaucoma, diabetic retinopathy, retinitis pigmentosa, etc.

Donor:

The RPE tissue donor was a 34 year old Caucasian, brown eyed, male that died of a
myocardial infarction. No ocular pathologies were noted. From the time of death until
tissue harvest was 6 hrs. and exposure was at 47 hrs.

Explant preparation:

Globes were removed 6 hr., 10 min. after death and stored for transport in neutral saline
or media. The globes were removed from the transport liquid and processed for
experimentation. Muscle and fatty tissue were removed from the outer globe surface
using scissors. The anterior segment was removed using a circumferential cut through
the pars plana with iridectomy scissors. The globe was then hemisected with scissors
passing through the edge of the optic disc. The optic nerve and disc were removed and
the retina was peeled away from the RPE using fine forceps. The sclera with retinal
pigment epithelium attached was cut into square pieces approximately 3 mm on a side
using a number 10 Propper carbon steel surgical blade. Each scleral piece was placed
RPE side up, centered, in Falcon 96-well plates with in 100 ul media containing



streptomycin and penicillin. Plates were labeled and wells labeled as to which eye the. explant was derived from.

Laser: Equipment Used

Laser (Nd:YAG) Coherent, model Infinity 40-100, serial number 4363
Power Meter Molectron OM4001 power meter, serial number 136C
Detector Head J50 Detector Head, with diffuser, serial number 1518B
Shutter nmLaser model LS055S3W8
Shutter Controller nmLaser model CX2450
Velmex XY Stage model NF90-2

Figure 2 shows how the pulses were directed into each well of a 96 well microtiter
culture plate. After a well was exposed to the laser, an x-y translation stage was used to
bring the next well into position. A shaping lens was placed in the beam to match the
beam diameter with the 6-mm diameter of a well entrance. Bum paper was used to verify
that the beam neither under nor overfilled the cell. Prior to testing, a dish filled with
water was placed on the x-y stage below the final turning mirror, and the angle of the
mirror was adjusted until the reflection of the laser beam off the water's front surface
returned along its incoming path. This ensured the pulses entered the wells at a ninety-
degree angle with the horizontal.

Pulse energy was determined by placing a power meter on the x-y translation stage (the
site of target exposure) and dividing the measured average power by the pulse repetition
rate. This method was considered adequate since pulse-to-pulse energy typically varied
less than 10%. The beam profile is a "top hat" with less than 5% variation across the
wave front.

Laser-light exposure:

The explants were initially plated in flat bottomed 96 well microtiter plates and
maintained in RPE growth medium until exposure. The diameter of the wells is 6 mm so
the laser beam was focused to fill the well with light. Immediately prior to the
experimental treatment the scleralIRPE sections were re-plated one per well in a fresh 96
well plate, RPE side up, centered in each well with 50 microliters of warmed fresh
growth medium to reduce the amount of light absorbed by the medium and ensure an
equal amount of medium in each well. Plates were kept in a 37 degrees C incubator until
just prior to dosing. Then the plates were transported to the laser suite in an insulated
warm box and then positioned onto the x-y translation stage and exposed in a sequential
fashion to the dose listed below. The measured temperature change of the fluid in the
wells during the three minutes required for the exposure process was approximately one
degree C. Control explants were treated identically, except they were sham exposed with
the laser beam blocked. Explants from each eye were approximately equally represented

* in each sample. The explant containing plates were then returned to the 37 degree C, 5%
C02 incubator after the addition of 150 microliters -of room temperature medium.



Laser-light exposure:

For procedures see USAFA-TR-2004-01. The table below contains the exposure
parameters for the experiment reported herein.

Treatment N4HX
Wavelength (nm) 1064
Average Power (mW) 2800
Pulse Energy (mJ) 280 ± 1 mJ
Pulse Length (FWHM) 3.6 ns
Total Incident Energy (mJ) 3360
Peak Power (W) 77.8 x 10l
Fluence (mJ/cm2) 594
Exposure Laser Repetition Rate (Hz) 10
Beam Diameter (Ile) 6 mm
Irradiance (kW/m2) 99.0

Total incident energy (TIE) is defined as the amount of laser-light energy that was
delivered to the 6 mm well containing the RPE explants. Abbreviations: nm-
nanometer; m-meter, mm-millimeter, ns-nanosecond; mJ-milliJoule; mW-
milliWatt; FWHM-Full Width Half Max; Hz-Hertz; sec-second; W-watt; e-
natural log.

Laser exposure of Human RPE Explants

The Nd:YAG laser light exposure regimen was based on empirical data (not shown) that
established cell viability after a range of laser exposures. The exposure described above
for treatment N4 was calculated to be 9.9 k J/m 2 which is approximately 39% of the MVL
value and approximately three times the MPE for the pulse width and wavelength
considered (Sliney and Wolbarsht, 1980 and ANSI Z136.1-2000 Table 5a).

The cells were exposed to either 1) sham exposed to no laser-light (beam blocked
upstream), or 2) 120 pulses of 1064 nm visible laser-light. Each pulse containing 280 mJ
(on average) of energy was delivered to a microtiter plate well 6 mm in diameter
containing 50 microliters of medium. The 1064 nm wavelength was chosen of the
extreme damage possibilities of this common laser wavelength, and, more importantly, so
as to provide a basis of comparison to the previous genomic experiments and subsequent
genomic, proteomic and lipomic investigations using explants and 1064 nm laser-light
exposures. See Figure 1 for a general overview of the experimental procedures.

Exposed RPE collection



After the prescribed time post-exposure the RPE tissue was mechanically separated from
the sclera using a sterilized forceps and probe, and collected in a pre-chilled 1.5 ml tube.
The tubes were then immediately frozen and stored at -65 degrees C until further
processing. 7 samples were collected and designated N control as the unexposed control
sample and 6 experimental samples labeled N30 collected 30 minutes post-exposure, NI
collected 1 hour post-exposure, N3 collected 3 hours post-exposure and so on. The tissue
was overnight express shipped to Lofstrand Labs Limited, Gaitherburg, MD for mRNA
isolation and differential gene expression (Atlas 1.2 Microarray, Clontec) analysis as
described immediately below (personal communication, Jerry Dathe)

Oligonucleotide Microarray:

Materials Provided 12 samples containing human explants of retinal pigment epithelial
tissue (N30, NI, N3, N6, N12, N24 and N control for each
experimental)

RNA Purification

RNA extraction was carried out on all samples using TRIzol reagent (Invitrogen).
Extraction was performed per protocol in a total volume of 8ml of TRIzol with the
addition of glycogen (400ýtg) to compensate for the small amount of starting material.
Samples were extracted with 1.6ml of chloroform and then spun at 12K rpm in an HB4
rotor at 4°C for 15 minutes. Organic phases of the extractions were saved and stored at -
70'C for possible future study. Samples were precipitated with isopropanol and rinsed
with 75% ethanol (both 12K rpm in an HB4 rotor at 4°C for 10 minutes). Approximate
concentrations of the samples were 40-50 ng/jlA as determined by ethidium bromide
agarose plate visualization against known standards. All total RNA samples were then
DNase treated with the DNA-free Kit (Ambion) to remove any genomic DNA (gDNA)
contamination (per protocol: 2 units DNase I; 37°C for 1 hour). PCR was used to check
for presence of gDNA, using primers that were specific for GAPDH (5'-
TGCMTCCTGCACCACCAACT-3' and 5'-YGCCTGCTTCACCACCTTC-3') and P-
actin (5'-TYGTGATGGACTCCGGWG-AC-3' and 5'-
CRCCAGACAGCACTGTGTTG-3'). PCR was performed using Ready-To-Go PCR
Beads (Amersham Pharmacia), 1 ýtl RNA and 25pmol of each primer, with an annealing
temperature of 50'C for 30 cycles. There was evidence of gDNA contamination after the
first DNA-free treatment, so another DNA-free treatment was performed (3 units DNase
I; 37*C for 1 hour). Subsequent PCR showed no evidence of gDNA contamination.

Probe Synthesis

Probe synthesis was performed using the Atlas SMART PCR Probe Amplification Kit for
the Atlas Human 1.2 Array (both BD Biosciences/Clontech). Due to the number of
arrays (4) versus the number of samples (6 + 1 control), the samples were labeled and

* arrays hybridized in the following groups: 1, 3, 6, control and '12, 24, 30, control. 3.5g.l
of total RNA was used along with the Human 1.2 CDS primer and the SMART II oligo



for first strand synthesis using Powerscript RT (BD Biosciences/Clontech). PCR was
then performed per protocol using 5ý1t of the first strand reaction, the kit PCR primer and
Advantage 2 polymerase mix (BD Biosciences/Clontech). 51tl of the cDNA samples
were run on an agarose gel to check yield. The cDNAs were then purified using
NucleoSpin columns per the SMART Probe Purification Kit protocol (BD
Biosciences/Clontech) with a final elution volume of 50p1.

Probe Labeling

The Atlas SMART PCR Probe Amplification Kit (BD Biosciences/Clontech) was used to
label 33pl of each cDNA probe. Labeling was performed using StripEZ dNTP mix
(Ambion) and 33p-dATP (PerkinElmer Life Sciences). After the labeling reactions were
complete, the radioactive probes were purified using NucleoSpin columns per the
SMART Probe Purification Kit protocol (BD Biosciences/Clontech) with a final elution
volume of 1001 tl. 2 tl of each probe was then counted in 5ml of scintillation fluid for 1
minute to determine the cpm for each probe.

Array Pre-hybridization, Hybridization and Washing

Pre-hybridization was carried out with UltraHyb solution (Ambion) using 15ml per array
in individual heat seal bags. The solution was preheated at 68°C and then 15ml was
added in with each array. The bags were sealed and then pre-hybed at 42°C with
agitation for a minimum 30 minutes. 4[tl of Human Cot-i DNA was added to each of the
probes. The probes were then boiled for 2 minutes and put on ice for 2 minutes. The
probes were spun down and added to the heat seal bags. The bags were re-sealed, gently
mixed and the arrays then hybridized overnight at 42°C with agitation.

The four arrays were washed together with -300ml of high stringency wash solution
(0.1X SSC + 0.1% SDS) at 42°C with agitation for 15 minutes. The wash solution was
discarded and a second was using fresh solution was performed. The arrays were then
sealed in plastic wrap and exposed to SR (super resolution) phosphor screens (Packard
Instrument) overnight at room temperature. Two arrays were exposed to one screen.

Array Imaging and Analysis

Each screen was imaged using the Cyclone Storage Phosphor System (Packard
Instrument). A medium carousel was used with a resolution of 600 DPI. Images were
then analyzed using AtlasImage software (BD Biosciences/Clontech).

Array Stripping

The hybridized arrays were stripped using StripEZ Probe Degradation Buffer and
StripEZ Blot Reconstitution Buffer per the StripEZ RT Kit protocol (Ambion). 40ml of
each buffer were used to strip all 4 arrays simultaneously. Efficiency of stripping was
checked by phosphorimaging. If necessary, a second stripping was performed using
60ml of each buffer. Stripped blots were sealed in plastic wrap and stored at -20°C.



RESULTS

The results (Appendix A) of a gene expression microarray are expressed in a ratio of
expression for one gene in the control versus the same gene in the experimental samples.
For example, if gene YFG is expressed four times greater in the treated cells than in the
sham exposed controls, it would show a fold change of positive four (4) in Appendix A
that functionally means that gene YFG mRNA was found in 4 times greater concentration
in the treated cells than in the controls. Thus, we conclude that the treatment induced the
genetic expression of gene YFG four times greater in the experimentally treated cells
than in the shame treated cells, presumably in response as the biological effect of the
treatment. Conversely, if the YFG mRNA is 4 fold less in the experimental sample that in
the control then a value of 0.25 is calculated. In the context of understanding the
significance of fold change or fold induction of a gene, the analysis software calculates a
95% confidence level of fold change for each experiment.

Appendix A presents the most pertinent genes listed ordered by gene code found in the
far left column. To help clarify the interpretation of this appendix the following heading
explanations are offered. Gene code: the code name, listed alpha-numerically, of the
gene being probed. Hours Post Exposure Ratio: The adjusted intensity of the control is
compared to the adjusted intensity of the experimental to determine the expression ration.
The adjusted intensity is determined by subtracting background intensity from the signal
from the probe spot intensity. Control probe sets have been deleted from the data set in
Appendix A. All signals in Appendix A used to calculate the ratios have passed the
quality control standards established by the manufacturer. The internal controls are used
by Clontec to calibrate the array and as quality control elements. The experimental
adjusted intensity value divided by the control adjusted intensity determines the fold
change based on the comparative signal strength of the control RPE sample as compared
to the experimental. This is the ratio of change value that is used as the endpoint
value, and for further analysis in the interpretation of the differential gene
expression microarray results for the designated genetic elements listed under
"Gene code." The ratios shown in Appendix A are listed in a column indicating the
amount of time in hours the sample was collected post-exposure to the laser-light
treatment. Protein/gene: a brief description of the gene or protein that is represented in
the probe set. The appendix obviously contains only a portion of the total number of
elements probed (1176) and only those whose absolute fold change was at least 2.0 or
higher that has been calculated to be at or above the statistical significance of 95%.

An arithmetic tabulation of the data in Appendix A yields the observation that the number
of RPE rnRNA that was at or above 2.0 fold change in the 1176 probe elements on the
GEM varied with the time post-exposure as the table below indicates.

TIME (hr) 0.5 1 3 6 12 24

. TOTAL # +/- 2 FOLD: 151 222 252 295 503 210



%of TOTAL ASSAYED: 13 19 21 25 43 18
# UP-REGULATED: 99 94 132 131 291 109
# DOWN-REGULATED: 52 128 120 164 212 101
% UP-REGULATED: 66 42 52 44 58 52

In summary, the greatest number of significant changes in gene expression was in the 12
hours post-exposure sample and in the up-regulated direction. The same can be said
across all samples in that the trend was in the up-regulated direction, but not dramatically.
The greatest magnitude of change for single genes was also up-regulation with several
above several orders of magnitude fold change.

Further inspection of the data indicates that the fold change (ratio) varied as widely as
several orders of magnitude for certain genes and that the same genes fluctuated in
direction of their expression over the 24 hour time course sampled. Several genes were
differentially expressed in 5 of the 6 samples, but in different patterns. Almost every
conceivable permutation of expression patterns could be found ranging from a single
differential expression to multiples varying by several orders of magnitude in the same or
opposite directions.

DISCUSSION

Perhaps the most obvious, yet striking, observation is the affected genes' expression
patterns fluctuation of the 24 hour, six sample time course in almost all conceivable
patterns. This observation is certainly not intuitively surprising, but can be visualized
and validated in Appendix A by gene and upon closer inspection by gene clusters.
Selected genes from Appendix A will be reviewed as to the physiological function and/or
biological marker for which they are known whenever possible. Figure 2 illustrates
several of the most differentially expressed genes in both the positive and negative
direction respectively. Figure 3 briefly capsulates the functional genomics of the
differential gene expression profiles.

Turning our attention to the collection of differentially expressed genetic elements
extracted from Appendix A whose function (at least one) and/or association is known, we
will attempt to develop a few example analyses of cellular response 30 min. to 24 hours
post exposure to the perturbation caused by infrared laser-light exposure. It is obvious
that pulses of laser light are sensed and markedly alter gene expression in the model cells.
The cellular physiological pattern that is evident from the analysis of the differential gene
expression patterns is fundamentally that the treated cells are varying gene expression of
the genetic programs toward cellular repair and recovery. In the discussion to -follow a
few of the more significantly altered physiological systems that appear to be perturbed by
the above laser exposure will be discussed in greater detail. Note: The number in
[brackets] following a -gene name indicates the fold change in that gene's expression and
the designation in (parentheses) indicates the alpha-numeric gene code in Appendix A.

Macromolecule Trafficking



As mentioned, several physiological systems appear to be induced at the transcriptional
level. Not surprisingly, some processes for protein degradation were up-regulated as
compared to the levels of the sham-exposed controls indicating a increase in protein
trafficking. Most notably up-regulated were the genes for the enzymes essential in the
ubiquitin-proteoasome pathway (UPP) shown to be up-regulated in response to oxidative
stress in eye tissue (1). An example was ubiquitin (GI 1), expressed at 0.5 at 30 min., 3.3
at 1 hr., baseline at 3 and 6 hrs., and below normal levels at 12 and 24 hours. Similarly,
ubiquitin-conjugating enzyme E2 (D05a) showed a two-fold up-regulation at 12 hrs. as
well as ubiquitin-conjugating enzyme E2H10 (A09k) [15]. Also up-regulated was HSP-
70 (F06b) approximately 3 fold at 1, 3, 6 hours and down regulated at 12 and 24 hours.
Also, HSP-related, protein 6 (F03a), heat shock-related 70-kDa protein 2 (F04a), heat
shock 90-kDa protein A (F04b), and HSP 40 (F02b) showed a similar pattern which is
intuitively satisfying considering what is known about the physiology of these genes. In
the results presented in USAFA-TR-2004-01 it appeared that the cells at the 12 hour
point had indeed up-regulated the protein degradation machinery for cellular
debridement; while the snapshot we viewed at 24 hours post exposure in USAFA-TR-
2003-03 showed the contrary reflected the transcriptional rebound (return to homeostasis)
of a system having possibly previously been induced (as described here) to deal with
protein damage. These results are largely concordant with the results of this temporal
study. As discussed in the previous publication, this conjecture is corroborated by
Lykins, et al. (2002), reporting that when epithelial cells were exposed to a similar laser
laser-light treatment and examined 12 hours post-exposure at the protein level, the
ubiquitination systems was markedly up-regulated implying that transcription of this
system is early in the post-exposure gene-expression cascade. Also note that in USAFA-
TR-2004-01, HSP 70 is up-regulated >3-fold as in this report. As HSP 70 facilitates the
removal of injured proteins by ubiquitin-mediated proteasomal degradation arguing for
the prior activation of the UPP system despite the current state of expression of the above
mentioned ubiquitin-activating enzyme El. Furthermore, HSP 70 acts downstream to
ubiquitination and is regarded as a chaperone driving a multi-protein degradation
complex (2). This notion is also supported by the up-regulation of a proteasome activator
gene (F13k) over two-fold at 1 and 3 hours followed by a two-fold down-regulation at 12
hours as well as a proteasome inhibitor (F 14k) with a two-fold decrease at 12 hours also.

Proliferation

In the context of cell cycling, the gene expression profile would indicate that the cells had
ceased proliferation prior to 12 hours post-exposure, but showed strong signals for the
genetic preamble for its resumption at 12 hours. For example, cyclin Al (Al lh) [7],
cyclin E2 (Al4g) [5], Cyclin K (Al3g) [4], G1/S specific cyclin DI (A03h) [38], cyclin-
dependent protein kinase 2 (A03i) [7], cell division protein kinase 9 (AO3j) [12],-cell
division protein kinase 6 (AO5j) [5] and cyclin D binding Myb-like protein (A03m) [4]
were all up-regulated at 12 hours only while cyclin-dependent kinase 4 inhibitor (A03k)
was down-regulated [0.5] at 1 hour and increased to 7-fold over the control at 12 hours
post-exposure. Cyclin-dependent kinase 4 inhibitor (A04k) was also up-regulated [3] at
12 hours. Numerous other cell-cycle genes like cyclin H (A08h) t24], cyclin-G associated. kinase (AO8j) [11] and proliferating cell nucleolar antigen P120 (A091) [149] were also



differentially regulated largely consistent with the pattern mentioped above. The gene
expression pattern of the lased cells indicates the cells had halted proliferation, but were
preparing to resume cycling at least at the 12 hr. point, possibly after recovery of
whatever perturbation they may have suffered such as oxygen-related stress.

Oxygen-related Metabolism

Intracellular reactive oxygen species (ROS) has long been known for disruption of
cellular function by the oxidative alteration of a whole host of biologically significant
macromolecules. The over 2 and 3 fold at 1 and 3 hours respectively induction of the
thioredoxin reductase gene (F09b) flagships the lased tissues' response to this laser
treatment closely followed by a 2 fold increase in glutathione S-transferase (F13b). Note
that both of the above genes were expressed at below basal levels at the 12 hour point as
well as glutathione S-transferase Al (Fl4b) [3] when cell cycling was apparently
resuming as discussed above. Thioredoxin has been definitively shown to be up-
regulated by oxygen stress and is a key component in the anti-oxidant defense system as
well as glutathione. Other genetic indicators of ROS in the exposed tissue were the
expression up-regulation of the following genes: HSP 70 (F06b) [3.0], cytochrome P450
(C06k) up-regulated as much as 8-fold until the 12 hour point [0.4]. Cytochrome P450
IIC9 (F lla) was also upregulated over 4 fold at the 3 and 6 hour points. Ironically, it has
been found that cytochrome P450 (CYP) over-expression itself generates large amounts
of ROS via the induction of CYP-dependent monooxygenases (3). Sapaone, et al. (3)
further hypothesized that long-term CYP induction can have a co-carcinogenic and/or
promoting potential. Another corroborating indicator of 0 stress is the up-regulation of
thiol specific antioxidant protein (F07a) 6 plus fold at the 1, 3, 6 hour points and cytosolic
superoxide dismutase 1 (F07b) over 2-fold up-regulated at the same time points and
down-regulated [0.4] at the 12 hour poinf. Overall, it appears that it can safely be said
that laser-light exposure alters oxygen-metabolism in the context of macromolecule
damage due to oxidative damage, most likely due to ROS production. Overall, it appears
that the cells were on the mend and had up-regulated protective/restorative genetic
responses at the transcriptional level.

Translation Initiation and Ribosome Reconstruction

In USAFA-TR-2004-01 undoubtedly, one of the most striking results of this investigation
is the number of genes up-regulated that have to do with the cell's translational
machinery. Intriguingly, of the first 100 up-regulated genes 37 or 37% of them had to do
with the some aspect of translation and most with the reconstruction of the ribosome and
the trend continued throughout the remainder of the up-regulated genes. That finding
reflected an amazing metabolic investment in the machinery for protein synthesis, and
also indicates that the ribosome may be the primary target for damage from this
treatment. From that observation we speculated that the ribosome may constitute a sub-
organellular chromophore for this regime of laser-light exposure. Again, in this work we
observe an up-regulation of the genes involved in ribosomal reconstruction especially at
the 24 hr. point, but not nearly to the levels seen with the 532 nm, 12 hr. post-exposure
experiment described in USAFA-TR-2004-01. Some indicators genes are several



ribosomal kinases (B03h, B031, B041, B051) and 40S ribosomal protein S19 (A071) up-
* regulated nominally 10-fold at 12 hrs.

Transcription

Among the genes whose expression was altered at or above the 2.0 fold level, those
involved in transcription would appear to have been globally up-regulated. Numerous
oncogenes and a plethora of other classes of transcriptional factors/regulators were
differentially regulated throughout, but especially at the 12 hr. point. These constitute
transcriptional factors that are associated with the virtually every aspect of cellular
metabolism to include several homeotic genes.

Inflammatory Response

Also prevalent in the gene expression profile of the laser-light treated cells was the
dramatic fluctuation of expression of a number of the immune system genes especially
having to do with the inflammatory response. A few examples are the expression
patterns of the genes coded B04d, B05d, B06d, C05a, D08b, and the list goes on. This
reaction may provide an alternate explanation for the appearance of the late (24 hr) onset
lesions in the primate MVL studies reviewed in the background section.

DNA Repair

* Although it is known that the DNA damage/repair genes are always "on," it is interesting
to note that several were significantly up-regulated in the exposed samples. For example
DNA lyase (AP endonuclease 1) (C08m) was up-regulated approx. an order of magnitude
at 1 hour and stayed turned on untill2 hrs where it dropped to 0.2. Photolyase (C06m)
was up-regulated 10-fold at 1-3 hrs and -5-fold at 12 hrs. Roughly the same can be said
for xeroderma pigmentosum group CC repair complementing protein p58 (C08n).
Whereas, the DNA repair protein (D01 a) was down-regulated approx. 2-fold at 3 and 6
hrs and up to 8-fold at 12 hours. A similar pattern was seen with GADD 45 (DO0b). The
GADD 153, growth arrest and DNA-damage inducible (C12j), gene was up-regulated
nearly 6 fold at 6 hours and decreased to 0.4 at 12 hours and the DNA mismatch repair
protein PMS2 (C1On) showed a greater than 2-fold up-regulation at 6 hours. Overall, it
appears that DNA repair was initiated at about 1 hour and continued until -some time after
the 6 hour point and was followed by DNA replication as the reader will note in the
following section.

DNA Replication

In addition to the abovementioned genes functioning in DNA repair, numerous other
DNA metabolism genes were turned-on at the 6 to 12 hour points indicating the initiation
of DNA replication. For example, replication protein A 70-kDa (C071) was up-regulated
20-fold at 1 hr and 129-fold at 3 hours. Another few examples are replication factor C 3-
kDa (C121) up-regulated 5-fold at 6 hours and down 5-fold at 12 hours post exposure and. DNA ligase (C12m) up-regulated over 2 fold at 1 hour, nearly 3 fold at 6 hours and



down-regulated 5-fold from baseline at 12 hours. Also over expressed are such genes as
replication protein A 70-kDa subunit (C071) up-regulated 21-fold at 1 hour and a
whopping 129-fold at 3 hours and then to baseline. This protein is also essential in DNA
repair as it binds single-stranded DNA. Various DNA replication-licensing factors
(C03m, CO0m and C02m) were also up-regulated. Overall, it appears that the cells went
into a repair condition then followed by at least the preamble for DNA replication and
cell cycling, especially since the apoptotic response was quelled genetically.

Apoptosis

Perhaps the most telling apoptotic gene to be expressed is DADI (defender against cell
death) (C03k) up-regulated over 5-fold at 3 hours. Despite genetic indications of the
induction of cell suicide, DADI and other genes appeared to have quelled the apoptotic
response of the lased cells. This statement is further supported by the expression of the
inhibitor of apoptosis protein 1 gene (C09k) up-regulated 5-fold at 1 hour, as well as the
apoptosis regulator bcl-x gene (C09i) and bcl-w (C08i) expressed over 2-fold and 6-fold,
respectively, above the control at 1 hour and 6 hrs. Apoptotic protease activating factor 1
(CO8j) was turned up 3-fold at 3 and 6 hrs then fell off an order of magnitude at 12 hrs.;
whereas, TRRAP protein(C09e), a strong indicator of apoptosis induction, was down-
regulated to 0.4 at 6 and 12 hrs.

Summary

Taken together, global perturbations to the cellular metabolism was evidenced to have
occurred during the 24 hours post-exposure time-course given the numerous cellular
systems affected. The nanosecond pulses of 1064 nm light appeared to induce the cells
into cessation of cell cycling and a nearly global up-regulation of transcription include
the genes involved in macromolecular trafficking, proliferation, oxygen-related
metabolism and various transcription-related regulatory genes. The transcriptional up-
regulation pattern of several key genes involved in the UPP system indicates cellular
debridement. Additionally, there appears to be little doubt that this laser-light treatment
had a major impact on the oxygen-related metabolism of the cells by the production of
ROS. Generally, it appears that the cells received and "sensed" damage of several types
(e.g. DNA damage, ROS creation/interaction) and began on the path to recovery in the
absence of the commitment to apoptosis. DNA repair appears to have been induced
between 1 and 6 hrs, DNA replication from 6 to 12 hours and cell cycling commencing
post-12 hours with the UPP system functioning in the background especially in the early
time periods. Further work will indicate if the cells were capable of restored
physiological function without long term detrimental sequelae.

Closing

As a closing comment we offer the following observation: The gene profile seen in this
experiment is very reminiscent of those seen in the experiments reported in the last
several USAFA-TRs published by us. Therefore, this work represents confirmation of
our previous work and validation of differential expression microarray analysis as a



viable approach for understanding the physiological decisions the cell is making at the
genetic level in response to laser-light exposure. Also of note was the apparent attempt
of the RPE cells to resume their normal physiology, or were progressing to cancer, as
evidenced by the following gene expression patterns. The genes retinoblastoma-like
protein 2 (A09a) [15], retinoblastoma-associated protein 1 (Al la) [114], retinoblastoma
binding protein (D1 11) [4], retinal guanylyl cyclase 2 precursor (C03c) [2], recoverin
(C07c) [0.3, 0.4, 0.4, 2] and retinoic acid receptor epsilon (C14f) [3] all showed marked
differential expression. Additionally, neuropeptide Y receptor type 1 (D12b) was up-
regulated 4-fold at 12 hrs. as seen in previous experiments and should strongly be
considered as a possible therapeutic agent given it's physiologic role.
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